A small coastal British Columbia lake was monitored before and after approximately 11% of the watershed was logged. There was an increase in the concentrations of most of the ions measured in the lake water after logging. Peak concentrations occurred two to three years after logging and most ions returned to background concentrations in fi ve to eight years. Two methods were used to estimate the increased export of ions resulting from the forest harvesting. The fi rst method used a water chemistry / hydrology watershed model, and the second used the changes in lake concentrations to calculate watershed input. The changes in ion concentrations and export varied with model and chemistry parameter with a change from a 1.3-to 4.2-fold increase for major cations and anions like calcium, magnesium, sodium, and chloride, to a 5-to 35-fold increase in ion export for nitrate and ammonium. The export of nitrogen from the watershed has implications for both water quality and future forest productivity. The measurement of lake ion increase is proposed as a general means of evaluating longer term change or disturbance in a watershed.
Introduction
There have been a number of studies documenting the direct response of lakes to watershed logging and other watershed disturbances in Canada, mostly in the boreal and shield ecosystems. France and Peters (1995) attempted to predict the effects of riparian deforestation on lake phytoplankton production and biomass in lakes with a variety of characteristics using litter trap data from the lakes in a variety of logged and unlogged watersheds. Nicholls et al. (2003) took a similar approach. Work in northwestern Ontario (Blais et al. 1998; Patterson et al. 1998 ) has attempted to evaluate the effects of watershed logging, and similar work has been done on Quebec lakes (PinelAlloul et al. 1998; Pinel-Alloul et al. 2002; Carignan et al. 2000; Lamontagne et al. 2000) . In the Alberta boreal forest, Prepas et al. (2001) are evaluating the effects of forest harvesting. In studies in other parts of the world, Hubbard Brook in the northeast United States was one of the fi rst to examine this issue and is a point of reference for other studies for forestry on watershed water quality (Bormann et al. 1974) . Rask et al. (1993) evaluated the effects of deforestation and burning of the watershed on a small headwater forest lake in southern Finland, and Rask et al. (1998) examined the effect of forest clear cutting on three small forest lakes in eastern Finland.
In the Pacifi c Northwest where forest cover, geography, and climate differ in signifi cant ways from the boreal or shield areas, there are some examples in the literature of stream responses to logging or other nonpoint source type disturbances (Fredrikson 1971; Feller and Kimmins 1984; Tiedemann et al. 1988; Scrivener 1988 Scrivener , 1989 Keenan and Kimmins 1993) , but few examples for lakes. There are only a few British Columbia lake-related studies assessing the effects of forest harvesting. Parkinson et al. (1977) documented increases in nutrients and particularly suspended sediments at Tumuch Lake in the British Columbia northern interior after forest harvest. and used a paleolimnological approach to evaluate the effects of watershed logging over the previous 50 years.
Because of the rapid changes in water chemistry resulting from fl uctuations of fl ow in streams, effects of watershed disturbance are often diffi cult to measure and quantify using stream chemistry sampling. There have been few studies where lake water chemistry has shown a response to other nonpoint sources. These studies are from areas outside the Pacifi c Northwest and deal with impacts from activities other than forest harvesting (Beeton 1965; Smol et al. 1983; Nõges 1992; Siver 1993) .
Lakes can provide a useful indicator of watershed disturbance since the effects are integrated over a longer temporal scale (relative to streams). Lakes also provide an integration of the inputs from all infl ow tributaries. This integration may result in some loss of information at short time scales (days, weeks) that might be provided by stream sampling, but for an evaluation of longer timescale responses which are important for understanding overall watershed processes, lake sampling has some advantages. One of the keys for understanding the effects of watershed activities is quantifying the responses; lake water quality monitoring can provide strong quantitative data. One of the potentially most useful measures of response is the export rate of ions from the watershed. For stream studies, detailed and frequent fl ow and concentration data need to be collected. For lakes, the data needed to assess the effects of watershed disturbance are much simpler to acquire and interpret than for streams. The hypothesis presented here is that where lakes are a component of a watershed, they can be useful and sensitive indicators of watershed health.
Study Location
Old Wolf Lake is a small (25 ha), soft water (7 mg/L or 115 meq/L alkalinity), oligotrophic (approximately 5 μg/L spring P), warm, monomictic lake located on southern Vancouver Island at 48 o 30'00"N, 123 o 40'10"W. The lake has no obvious infl ow streams (it is fed by overland fl ow and groundwater), and the outfl ow is Old Wolf Creek which is a tributary of the Sooke River. The watershed and the lake bathymetry are shown in Fig. 1 , and morphometric data are given in Table  1 . The lake is within the protected watersheds of the Capital Regional District Water Department and is the drinking water supply area for the Victoria metropolitan area. Old Wolf Lake itself is not part of the water supply system. The watershed receives 1,500 mm of precipitation per year and has approximately 500 mm evapotranspiration. Watershed runoff coeffi cients and lake water exchange times were based on the precipitation records from a nearby precipitation station (Sooke Reservoir, 2.5 km northwest) and from two stream fl ow gauges within 9 km of Old Wolf Lake. Based on an estimated water yield of 1.0 x 10 6 m 3 /km 2 , the bulk water residence time of the lake is 0.6 of a year. The rainfall occurs predominantly in the October to March period, and there is very little infl ow in the April to September period. The peak of fl ow (freshet) occurs in the autumn and early winter rainy season (November, December, January), and during this period, the lake would be well fl ushed-an equivalent of almost twice the volume of the lake would enter the basin and fl ow out the outlet in an average year, almost all in this three month time period. 
Methods
The information reported here was collected as part of a long-term monitoring program to examine characteristics of undisturbed coastal lakes. The lake was one of a set of coastal soft-water lakes with minimal watershed disturbance because of limited public access (gated roads) and little human activity in the watershed (drinking water supply management only). The data collection began in 1982 and a portion of the east side of the Old Wolf Lake watershed was logged in September 1986. The logging was a single clear-cut of 15.3 ha, which is 10.4% of the lake watershed (Fig. 1) . The area was logged to the water's edge, and the slope of the cut was approximately 7%. A smaller block was harvested in 1988 on the west side of the watershed; 1.6 ha of this smaller cutblock was within the watershed and represents only slightly more than 1% of the watershed. Surface water samples were collected monthly from the center of the lake from 1984 to 1994, and in the spring before stratifi cation prior to 1984 and after 1995. The samples were shipped overnight for analysis at the British Columbia Ministry of Environment laboratory in Vancouver. The analytical techniques used are typical of a large lab specializing in water chemistry analysis and are described in Standard Methods (APHA 1998). A quality assurance/quality control (QA/QC) program included internal laboratory controls (standards, blanks, and replicates) as well as blanks, replicates, and blind samples submitted from the fi eld with reference materials. Field equipment blanks and other samples analysed to assess fi eld contamination were collected on each sampling trip. Approximately 10% of samples were replicates to assess variability. The details of the sampling and QA are provided in Phippen et al. (1996) . The QA/QC protocols for assessing data are outlined in Cavanagh et al. (1997) . Sample size for each ion varies as a result of being collected over slightly different time periods, some loss of samples due to bottle breakage and lab accidents, and rejected data due to failure to meet QA standards and minor changes in the program over the 20 years of sampling.
To estimate the rate of increase in water chemistry ion export (loading) caused by the forest harvesting, we calculated the chemical ion transfer from watershed soil to the lake by using the equation
Ci is chemical transfer from watershed soil to lake (kg/ ha/yr), [Ci] the chemical concentrations (i = nitrate, ammonia, conductivity, calcium, sodium, chloride) in the water that fl ows from soil to lake (mg/L), P L is amount of precipitation to the lake (mm), and a is a parameter of unit conversion. P L is based on the watershed hydrology balance equation expressed as P L = P -I + E + S, where P represents precipitation, I interception, E evapotranspiration, S soil water storage change, and P L the precipitation quantity to the lake. Precipitation data is from the Sooke Lake weather station, 2.5 km from Old Wolf Lake. The watershed hydrology model (ForHym) (Arp and Yin 1992) was used to determine P L, I , E, and S. Water chemistry concentrations, [Ci] , of water fl owing from soil to the lake is based on fi eld measurements from Judge and Rithet creeks, two tributaries of Sooke Lake, measured from 1993 to 2001. They are 7 and 9 km from Old Wolf Lake at a slightly lower elevation but have similar soil and vegetation cover. Using the model, ForHym, calibrated by the monthly fl ow data from Judge and Rithet creeks, the correlation between measured and simulated stream ion concentration has an R 2 of 0.9. This model was then applied to the Old Wolf Lake watershed. Although the model has some limitations in terms of the confounding effects of rapid changes in fl ow and weather over a short time scale, we feel that it is accurate to measure changes at the time scales used for evaluation in this case (monthly samples over a 20 year time frame).
The second method of estimating the increased ion export was a limnological relationship between loading and concentration. This equation has been used primarily to examine relationships between phosphorus loading to lakes and phosphorus concentration (Dillon and Rigler 1975) . It is generally expressed as P = L/(s + r)z where P is the phosphorus concentration in mg/m 3 , L is the loading in g/m 2 /year, s is the sedimentation coeffi cient for the lake, r is the water exchange rate, and z is the mean depth. The equation was used in a modifi ed form substituting other ions for phosphorus and with and without the sedimentation term where appropriate (considering that sedimentation of dissolved anions and cations is likely lower than ions involved in biological cycling) and solving for loading from the known lake concentrations of the different ions. Because of the relatively rapid water exchange time, sedimentation has only a minor effect on mass balance. The lake concentration was used to calculate the loading from the watershed both for the prelogging (1984 to August 1986) period (presumed to be undisturbed background) and the period 1987 to 1989. The increase over background was assumed to originate from the logged area.
Results
There was a coincident increase in water chemistry concentrations for most of the ions after the logging took place. The general pattern is of an increase beginning in the year after the logging (1987) to a peak two or three years later (1988 to 1989); however, there were differences that need to be noted. Calcium, chloride, magnesium, and sodium concentrations (Fig. 2 to 5 ) all show an increase in both concentration and a similar timing of increased concentration after forest harvesting. Sulfate (Fig. 6 ) has a different pattern than the other major ions with less response to the logging; there is no noticeable peak but a subtle increasing trend over the study period that may not be related to the forest harvesting. Specifi c conductance (Fig. 7) shows the same pattern as calcium, chloride, magnesium, and sodium ions since it is a measure of general ionic concentration. Nitrate and ammonia showed the largest response to logging with very marked responses ( Fig. 8 and 9 ). Phosphorus ( Fig. 10) shows a weak decreasing trend with no obvious response to the logging. In several cases the concentrations appear to have stabilized by the end of the sampling period at a concentration slightly lower than was present before logging occurred. Three other undisturbed lakes that were a part of the same study (Stocking, Lizard, and Maxwell lakes; data not included here) and located within 40 km of Old Wolf Lake did not show a similar increase in any ions (Phippen et al. 1994) . Similarly, precipitation patterns were examined to see if that might explain the changes in lake concentration; the annual precipitation records do not show any relationship (Fig. 11) . It was presumed that the forest harvesting was the primary reason for the increase of ion concentrations in Old Wolf Lake.
An examination of the annual mean concentration changes also provided some insight into how the lake chemistry changed. In Table 2 , annual means and the respective variances for four example ions are shown. Calcium, magnesium, and nitrate (Fig. 2, 4, 8 ) have peaks in concentration two years after logging. However, accompanying the high concentrations is high variance indicating that individual monthly measurements when concentrations were high had a wide range. Sulfate (Fig. 6 ), in contrast, shows no peak in concentration and low variance (Table 2) .
It is important to demonstrate, in this case, not only what the concentration changes were, but how the export coeffi cients for some of the ions and nutrients changed. Table 3 is a summary of the predictions of the ForHym model. Table 4 shows the results of the concentration (loading) calculation. The estimated export coeffi cients are shown for both the peak concentrations observed and for the three year post-harvesting period (1987 to 1989) . The increase in export was considered to originate from the logged area and was calculated on that basis. The ForHym model predicted increases in general ions to be 1.3 to 1.5 times above background. The calculated increases based on lake concentration were 1.6 to 4.2 times the background loading averaged over the 1987 to 1989 period. 
Ion Export After Logging
For the two nitrogen fractions, the increases in nitrogen export in apparent response to the logging was very signifi cant. Nitrate nitrogen concentrations increased from a background concentration of 72 μg/L to a peak concentration of 2.64 mg/L. Ammonia similarly increased from a background average of 14 μg/L to a peak in 1989 of 190 μg/L. The increases estimated from the ForHym model were a factor of 5 and 7 times background for ammonia and nitrate respectively. Using the calculations based on lake water concentrations for the peak concentrations of nitrate and ammonia, export increased by 124 times for ammonia and 349 times for nitrate; this is extraordinarily high and much higher than has been reported elsewhere. For the more realistic increases in export, based on the 1987 to 1989 concentrations, the increase in nitrate and ammonia was still very high (23 and 35 times respectively above the background, undisturbed export at the peak concentrations measured).
An examination of export of ions from the watershed to the lake on a monthly time scale indicated that most of the export occurred in the late autumn and winter months because of the overwhelming infl uence of the heavy autumn and winter precipitation. Spring and summer with low precipitation and fl ows conveyed a low proportion of ions to the lake.
Discussion
This response of an increase in ion and nutrient concentration after logging appears to be similar to responses seen elsewhere (Parkinson et al. 1977; Webster and Patten 1979; Keenan and Kimmins 1993 ). An increase in ion concentration was noted by Scrivener (1988) for Carnation Creek on the west coast of Vancouver Island after forest harvest. In the same study, he also noted that an elevated nitrate concentration occurred for two to seven years after logging, and after that the concentration stabilized at a level below that present before logging; this result is similar to what was observed in Old Wolf Lake. The response from forest harvesting of a relatively small portion of the watershed (11%) is also notable. Parkinson et al. (1977) documented a lake response in the form of increased suspended sediments and nutrients with 7.3% of the watershed harvested.
The results for nitrate and ammonia are of particular interest since the changes could have direct implications to the biological community of the lake and the watershed. The nitrate and ammonia concentration of Old Wolf Lake showed large increases ( Fig. 8 and 9 ) with peak nitrate concentrations reaching 2.6 mg/L in March 1989. The background (pre 1987) nitrate concentration averaged 0.072 mg/L. The increases in nitrogen are very large in comparison to what has been reported in other studies of logging effects on water quality. For example, the nitrate concentration was about fi ve times above background in the Alsea study in Oregon (Brown et al. 1973) , about ten times above background for Hubbard Brook (Bormann et al. 1974) , and about two times above background for Carnation Creek (Scrivener 1988) . Old Wolf Lake, on the basis of spring overturn N:P ratios (typically > 50:1 by weight) appears to be a strongly phosphorus limited system, so a biological response in the lake would not be expected to be proportional to an increase in nitrogen. The phosphorus concentrations in the lake did not show the same pattern as nitrogen and the general ions; phosphorus was relatively stable through the period and was the only ion measured that showed a lack of response. In general, increases in nutrients in lake water can both indicate of ecosystem change and potentially reduce the suitability for human uses. Losses of nutrients from terrestrial systems can also reduce terrestrial productivity.
The export rates calculated here are comparable to others cited in the literature. Export rates (net cation losses; kg/ha/year) for several ions in an Oregon watershed were provided by Fredrikson (1971) are comparable to the coeffi cients calculated for the Old Wolf watershed for sodium (he estimated 23.4 kg/ha/ year) and calcium (48.0 kg/ha/year). Feller and Kimmins (1984) , at a site similar in forest cover, climate, and topography near Vancouver, gave export values that were corrected for input (loading) from rainfall of 19.2, 3.5, and 8.2 kg/ha/year of increase for calcium, chloride and sodium respectively (mean values for comparison between the control and two treatment areas).
The time found in this study for water quality to respond the forest harvesting generally agrees with other reports that note the export of ions typically returns to predisturbance levels within 3 to 5 years (Marks and Bormann 1972; Schindler et al. 1980; Mann et al. 1988 ). This relatively short response time and the use of lakes as an integrated monitoring system may be one of the reasons why some ecological impacts are diffi cult to detect, and why some researchers have found it diffi cult to distinguish between different kinds of impacts, including climate change, fi re, windstorms, and forest harvesting (Schindler et al 1980; Blais et al. 1998; Paterson et al. 1998 ).
An increase in ion export seems to be a typical consequence of a disturbance in watersheds (Bormann et al. 1974; Keenan and Kimmins 1993) . Two other examples, using a longer time frame, of changes in ambient lake ion concentration after watershed disturbance from British Columbia serve as useful case studies. In both of these cases the watershed changes have not been responses to logging but to a variety of watershed changes (land clearing, road building, residential and industrial development, as well as forest harvesting). However, the same principle of increased soil disturbance and loss of vegetative cover would lead to the same consequence: increased export of ions from the terrestrial to the aquatic system. Shawnigan Lake is a medium sized lake (537 ha surface area, Z max 60 m) about 15 km north of Old Wolf Lake. In the past 50 years, there has been a greatly increased level of residential settlement around the lake shore. There are specifi c conductance and nonfi lterable residue/total dissolved solids (TDS) data for 1949 (Thomas 1953b) to compare with present data, and it shows an increase from 34.2 mg/L total residue and a specifi c conductance of 46.4 μS/cm to 41.8 mg/L and 57.0 μS/cm respectively in 1992 to 1993. The increase in this case is about 20% for both measurements for the period 1949 to 1993. Unfortunately there are no TDS or conductance measurements for any time earlier to assess the effects of logging activity in the early part of the century. However, there are paleolimnological data to indicate that there was a signifi cant change in water quality of the lake (as indicated by changes in diatom species and numbers) at about the time of logging due to this earlier disturbance (Nordin and McKean 1984) .
A second example of a change in lake dissolved mineral content is for Okanagan Lake, a large lake (351 km 2 , Z max 230 m) in the dry interior of British Columbia. The watershed has had considerable change from agricultural activity, residential development, and to a minor extent, logging. Thomas (1953a) provides data for the Okanagan River at the outlet of the lake showing a specifi c conductance of 247 μS/cm and a TDS of 155 mg/L (n = 33 in both cases). More recent (1985) data collected by the provincial government (Ministry of Environment, EMS database) at the same site are 259 μS/cm. No present-day data for TDS in the river are available, but for the lake near the outlet, typical TDS values of 162 mg/L (n = 42 for data from 1975 to 1979 are given, with more recent [1989 to 1991] concentrations about 10 mg/L higher). The amount of increase for both measurements is about 5%. It might be argued to be a minor change, but TDS or conductivity are very conservative parameters and the change over the time period conservatively represents an increase of 200,000 tonnes of dissolved ions in the lake (a TDS increase of 8 mg/L, lake volume 24.6 x 10 9 m 3 ) over what was present in 1949. For some ions the change between 1949 and present is more signifi cant. Calcium is 5% higher (30.9 mg/L in 1949 versus 32.9 mg/L in 1990), sulfate 11% higher (24.7 mg/L versus 27.5 mg/L), magnesium 13% higher, and sodium 26% higher (8.2 mg/L versus 10.3 mg/L) over the 40 year period (1949 to 1990) . The data cited by Beeton (1965) shows the same pattern of increased ion concentrations in the Great Lakes due to a variety of activities (forest clearing, agriculture, and waste discharges) in the Great Lakes basin.
A fundamental concern in terms of human activity and disturbance is the issue of sustainability. There is general support for the concept of sustainability, but very little has been proposed in terms of ways of quantitatively measuring sustainability at a practical scale: at an ecosystem level or at a watershed level. This paper presents a specifi c case study for quantifying watershed disturbance, and a possible application to the larger issue of measuring watershed sustainability. Likens (1985) makes an important point that the dissolved substance concentration in stream water draining aggrading forests remains relatively constant despite extremes in hydrologic output and climatic variation, and that particulate output from a watershed is dependent on storm peaks and is relatively independent of quantity of hydrologic output. The apparent corollary to this is that an increase in dissolved ions can be used as an indicator that a signifi cant watershed disturbance has taken place and can be used as a gauge of general watershed health. Undisturbed watersheds should have a stable ion loss or export on an annual basis.
There are practical reasons why an increased export of nutrients, in particular, is of consequence to both the watershed and the lake. The loss of nutrients from the soils compromises potential forest growth and productivity. Major programs are underway in many jurisdictions to replace or enhance nutrient supply (particularly nitrogen) to harvestable forest areas by aerial fertilization programs. It is interesting to note that in British Columbia the nitrogen fertilization rates (100 to 200 kg/ha) used for increasing forest productivity are similar to the rates cited above for the increased loss of nitrogen after forest harvesting. Mann et al. (1998) describe this as "nutrient capital" and this loss of nitrogen from terrestrial ecosystems is a signifi cant problem. These changes can cause ecological shifts in the aquatic systems as well (Webster and Patten 1979).
Conclusions
There are fundamental problems with evaluating longterm changes in water quality, particularly with regard to watershed disturbance. There are very few water quality characteristics which have been routinely collected for more than a couple of decades and most of these are handicapped by changes in analytical methods and detection limit changes. Basic measurements like specifi c conductance or total dissolved solids/nonfi lterable residue have the advantage of unaltered techniques persisting through many decades of sampling and thus have the potential of being indicators of change in watersheds and aquatic systems. Although they may not carry with them the specifi c information contained in the analytical result for a specifi c nutrient or dissolved metal, they can be used as an indicator of general and signifi cant changes in water quality. Change in TDS can be an indicator of often signifi cant changes in biological communities of aquatic ecosystems (Beeton 1965; Siver 1993) and increased nitrate loss has been cited as an indicator of disturbed ecosystems (Vitousek et al. 1979 ).
What appears to be important in the context of watershed disturbance, ion loss, and long term sustainability is to gain some understanding of the size of these ion losses and perhaps some judgment on what kind of loss is normal or acceptable from a watershed such that the sustainability of the forest is maintained. As well, it is important to gain an understanding of how these losses of ions can be used as a diagnostic tool for watershed assessment. The key to this is defi ning what the loss is from a normal watershed and what the differences in ion export are in watersheds where unacceptable disturbances take place. This approach seems particularly applicable to the area of nonpoint sources in general where conventional water quality sampling techniques are not especially suitable. It may be that many of the studies which monitor streams in order to detect responses in watersheds from activities like logging using conventional sampling techniques may underestimate the amount of ion loss simply because of the infrequent sampling frequency. Samples taken on a daily or weekly basis are likely to miss many events and changes, and are unlikely to be able to be used for accurate estimation of ions exported from a watershed. Continuous electronic monitors appear to be the most appropriate technology for this purpose.
Lakes are a key diagnostic point in an aquatic/terrestrial ecosystem in providing an indication of watershed change or stability by the use of relatively simple water quality characteristics such as general ions or nutrients on a much less intensive time scale than is required for stream studies. Comparison between data (ion export in kg/ha/year) for both disturbed and undisturbed lakes also provides the best way of providing a large data set to defi ne what the normal ion export rates are for watersheds in specifi c areas of climate and geology as a baseline and point of reference to compare these to what export coeffi cients are for more disturbed systems. With additional measurements of ion export, it may be possible to defi ne what sustainable activity in a watershed might be.
